The chromosome of the temperate bacteriophage N15 replicates as a linear plasmid with covalently closed ends (or hairpins) when it forms a lysogen. I found that, in contrast to the cases for A and the low-copy-number plasmids F and P1, both phage and plasmid replication of N15 are independent of the heat shock proteins DnaJ, DnaK, and GrpE. Bacteriophage N15 is unique among the temperate coliphages in that its chromosome replicates as a linear plasmid of 46.4 kb in the lysogenic state (16, 22). No other linear plasmids have yet been found in Escherichia coli, although several of similar structure are found in the spirochete Borrelia burgdorferi (2) and linear plasmids with proteins bound to their ends have been identified in other bacteria (10). The replication mechanisms of linear plasmids have not been defined, although models derived from work on adenovirus (for plasmids with proteins bound to their ends) and vaccinia virus (for plasmids with covalently closed ends) have been proposed (3, 17) .
Bacteriophage N15 is unique among the temperate coliphages in that its chromosome replicates as a linear plasmid of 46.4 kb in the lysogenic state (16, 22) . No other linear plasmids have yet been found in Escherichia coli, although several of similar structure are found in the spirochete Borrelia burgdorferi (2) and linear plasmids with proteins bound to their ends have been identified in other bacteria (10) . The replication mechanisms of linear plasmids have not been defined, although models derived from work on adenovirus (for plasmids with proteins bound to their ends) and vaccinia virus (for plasmids with covalently closed ends) have been proposed (3, 17) .
The heat shock proteins are a group whose synthesis rates are rapidly but transiently increased by a sudden upshift in growth temperature (15) . Although the mechanism of this regulation in E. coli (9) and some eukaryotes (28) has been explored, the functions of the heat shock proteins are not fully understood. Previous experiments have shown that the members of a subset of the heat shock proteins, composed of the dnaJ, dnaK, and grpE gene products, participate in the replication of some low-copy-number plasmids (4, 5, 13, 23, 27) and phages (14) . In the low-copy-number plasmid P1, the DnaK and DnaJ proteins activate the specific DNA binding function of the essential plasmid replication protein, RepA, by converting it from dimers to monomers (26, 27) . Although GrpE protein is required in vivo and in vitro (23, 25) , its mechanism of action is unknown. In bacteriophage X DNA replication, DnaK, DnaJ, and GrpE allow the release of the host DnaB protein from the phage P protein, allowing origin opening. Other temperate phages encode their own DnaB analogs and do not require the three heat shock proteins for their replication (14) . The roles of these three and other heat shock proteins appear to be in the assembly and disassembly of multiprotein complexes, both facilitating appropriate interactions and preventing inappropriate ones (7) . Since the DnaJ, DnaK, and GrpE proteins are important players in several interactions among proteins involved in various types of DNA replication, I tested N15 lytic growth and plasmid maintenance in strains with mutations in the various heat shock genes. In contrast to the cases for bacteriophage X and low-copy-number plasmids, N15 phage growth and plasmid replication are independent of these heat shock gene products.
Lytic phage growth. Since mutations in the dnaJ, dnaK, and grpE genes block the vegetative growth of bacteriophage A and related phages (14) , I tested to see whether N15 growth was normal in such mutants. The wild-type bacteriophage N15 used was derived from an E. coli C strain lysogenic for the phage (Table 1 ). Plaques were obtained by plating this strain on nonlysogenic E. coli C, and a liquid lysate was grown from a plaque. Since the mutant strains to be tested were E. coli K-12 derivatives, the resultant stock was plated on the E. coli K-12 strain MG1655 to obtain modified phage (at a frequency of about 10-4), and liquid lysates were grown. To facilitate counting plaques, a clear plaque derivative (N15c) was obtained by hydroxylamine mutagenesis of the wild-type N15 stock (19) . The locus of the mutation has not been determined.
As a qualitative indication of ability to grow on various strains, N15 (and N15c) made plaques of similar appearance on all of the mutant strains and their isogenic parents (data not shown), suggesting that phage yield per bacterium is normal. Although x growth (assayed by efficiency of plating) is severely impaired on the various mutant strains relative to the isogenic wild-type strain, the variations in N15c and N15 efficiencies of plating were within experimental error (Table  2 and data not shown). It therefore appears that N15 lytic growth is not significantly impaired in the mutant strains tested. These include deletion mutants, so lytic growth is possible in the complete absence of the gene products.
The rpoH gene encodes the RNA polymerase a factor responsible for the majority of transcription of the heat shock genes. An isogenic rpoHI'rpoH15 (24) pair of strains was constructed by P1 transduction (19) into MC4100. This mutant makes reduced levels of all of the heat shock proteins even at low temperatures. N15 growth was unimpaired in the rpoH mutant strain (Table 2 and data not shown), suggesting that other heat shock proteins are not required at high levels for N15 replication. X growth is only slightly deficient on this strain (forming small uneven plaques at a possibly slightly reduced efficiency), so this test would only detect a requirement for heat shock proteins that differs quantitatively or qualitatively from that of X.
Lysogenization and plasmid maintenance. N15 plaques were about equally turbid on all the strains tested (data not shown). To test lysogenization frequency and lysogen stability, I purified single colonies from the turbid centers, grew cultures from 10 colonies from each turbid center, and spot tested the cultures to determine what proportion were lysogens after about 20 generations of nonselective growth. In every strain tested, 10 of 10 cultures were lysogenic for N15, implying the following: (i) lysogenization frequency was unaffected by the mutations, since most of the turbidity in the plaques appeared to be a consequence of the growth of lysogens, and (ii) the lysogens were stable in the mutant strains. In addition, spot testing the N15 lysogens of mutant strains showed that they remained unable to support X growth (whereas N15 lysogens of wild-type strains remained able) so N15 does not appear to encode analogs of the heat shock proteins.
State of the phage chromosome in lysogens. The N15 virion DNA is a linear molecule of 46.4 kb (22) . The linear plasmid form of N15 that is found in a lysogen is a single cyclic permutation of the virion DNA, with unique ends that are internal in the virion DNA and the virion DNA ends joined at an internal location (22) . The existence of this structure implies that the phage chromosome circularizes or forms concatamers after injection and is then cleaved at the sites that will become the plasmid ends. The structure of viral DNA in mutant lysogens was determined by field inversion gel electrophoresis (0.8% agarose in 0.5 x Tris-borate-EDTA, 100 V, 18 h; program 3 of MJ Research PP1200). I prepared total DNA from at least two lysogens in each mutant and isogenic wild-type strain (19) . These DNAs were separated by electrophoresis through agarose gels by using a field inversion program designed to resolve linear DNA molecules up to 200 to 300 kb in length. In all cases, there was a linear DNA the size of N15 DNA extracted from phage. This was confirmed to be N15 DNA by Southern blotting and hybridizing (18) with N15 phage DNA rendered radioactive by using a random-primed DNA labeling kit (US Biochemicals) (Fig. 1A) . The smears of hybridization extending upward from the full-length N15 band may include some circular forms of N15 DNA but may be simply the consequence of electrophoresis of large amounts of highmolecular-weight DNA.
To show that the plasmids were cyclically permuted as usual, the DNA preparations were digested with XhoI (which has one site in the phage DNA [22] ) and analyzed as for the uncut DNA (Fig. 1B) . The two resultant N15 DNA bands were found to differ from those derived from phage DNA, as is predicted to follow from cyclic permutation, indicating that the plasmids had the expected structure.
Determining the mode of replication of linear chromosomes has been an intriguing problem since such molecules were discovered. Although leading strand synthesis can proceed by previously identified mechanisms, the completion of the lagging strand requires an alternate method. In bacteria, phages with linear genomes ensure replication of their entire chromosomes by using circularization, recombination to generate concatamers, or priming by a protein (14) . Bacteriophage N15 faces two unusual problems: (i) replication of a molecule with hairpins at its ends and (ii) maintenance as a unit-length linear genome. Clearly, the protein requirements for N15 plasmid and phage replication differ from those for replication of the chromosome of X and the replication of low-copy-number plasmids like F and P1, all of which rely on the heat shock proteins DnaJ, DnaK, and GrpE. N15 replication also differs from that of many highcopy-number plasmids in that it is independent of polA gene function (21) . The spectrum of proteins required for linear plasmid replication may be a function of its unique topology. Understanding the replication of the plasmids of similar structure found in B. burgdorferi will help in determining the roles of the various proteins in orchestrating replication. 
